Abstract. A forestry version of DRAINMOD-NII has been developed to
Introduction
Nitrogen (N) export from the artificially drained managed forests in the Southeastern US may lead to significant water quality problems because of the proximity of these lands to nutrient sensitive water bodies. Most of the managed forested lands in the Southeastern US are in the coastal regions on naturally poorly drained high water table soils. Nitrogen fertilizers are usually applied to increase productivity of these managed forested lands, which are usually artificially drained. While the majority of the applied N may remain in the soil-plant system, there are concerns that leaching losses could degrade surface water quality. Understanding the mechanisms controlling N fate in these forested lands is essential to develop management practices that increase N fertilizer use efficiency and productivity while reducing the offsite environmental impacts. Computer simulation models can be an effective tool to the development and evaluation of these management practices.
The ability to understand and predict nitrogen export from drained forested catchments is essential to evaluate the potential negative impacts of forestry anthropogenic activities on surface water quality and develop corresponding best management practices. DNDC (Li et al., 2000) and Biome-BGC (White et al., 2000) are examples of biogeochemical models that can be used for modeling nitrogen dynamics in forest lands. Both models improved our understanding and predicting ability of nitrogen cycling in forest ecosystems. However, there are no models developed specifically for artificially drained forests. (Youssef, 2003; Youssef et al., 2005) was originally developed to model carbon (C) and nitrogen (N) cycling in agricultural ecosystems. As a comprehensive nitrogen cycling model, it includes processes: atmospheric deposition, application of mineral N fertilizers, soil amendment with organic N sources, plant uptake, organic C (OC) decomposition and associated N mineralization and immobilization, nitrification, denitrification, NH 3 volatilization, and N leaching and runoff losses. Driving hydrologic parameters of DRAINMOD-NII are based on the outputs of the water management model DRAINMOD 5.1 (Skaggs, 1978 , Skaggs, 1999 .
DRAINMOD-N II
.DRAINMOD-N II has recently been evaluated by comparison to field measured data and to other models (Youssef et al., 2006; Salazar et al., 2009; David et al., 2009 ) and has shown a high potential as a predictive tool to evaluate effects of water management and farming practices that are developed to minimize the negative environmental impacts of crop production systems. To test the applicability of DFRAINMOD-NII in simulating carbon and nitrogen dynamics in drained forest lands, Diggs (2004) simulated tree growth and forest productivity using the PnET-CN model (Aber, et al., 1997) and utilized litter fall and tree N uptake predicted by PnET-CN as inputs to DRAINMOD-N II. The results of Diggs (2004) verified the capability of DRAINMOD-NII in predicting carbon and nitrogen dynamics in forest soil. However, his research also clearly showed the need to develop a forestry version of DRAINMOD-N II including detailed dynamic simulations of plant growth and nitrogen uptake.
Many forest ecosystem models have been developed and tested, which can be divided into process-based, empirical and hybrid models. Process-based model are generally more powerful than empirical models in improving our understanding of the response of forest ecosystems to disturbance imposed by anthropogenic activities and climatic conditions (Korzukhin, et al., 1996) . Despite big progresses that have made in developing mechanistic forest ecosystem models, they have been rarely applied in practical forest management practices (Kimmins et al., 1999; Mäkelä, et al., 2000) . On the other hand, empirical models are significantly simpler to develop and use (Peng et al., 2002) . However, empirical models are generally very site specific and cannot be generalized. To bridge the gap between process based and empirical models, the hybrid models have been proposed to keep the simplicity of the empirical models and the comprehensiveness of the process-based models. The hybrid models that combine mechanistic models and empirical models are becoming more commonly used in practical forest management to simulate forest ecosystem dynamics (Battaglia and Sands, 1998; Battaglia, 2000; Kimmins et al., 1999) . Therefore, the hybrid modeling approach was adapted by the forestry version of DRAINMOD-NII model.
The objective of this research is to develop the forestry version of DRAINMOD-NII model to simulate carbon and nitrogen dynamics in drained forestry lands. The present paper presents the newly developed forestry version of DRAINMOD-NII model. It firstly descries the hybrid forest ecosystem model linked with DRAINMOD-NII model and then presents a case study to show the basic functions of the new model.
Model Description
The model was derived mainly from existing models such as 3-PG model (Landsberg and Waring, 1997) , Fire-BGC model (Keane, et al., 1996) and PROMOD model (Battaglia and Sands, 1997) , etc. Relatively simple approaches were adapted to compute net primary production and carbon allocation to tree components like leaf, stem and root. In order to make the model is capable of being used in mixed forests, un-even aged stands, and considering forest under-story, the model takes into account competition for light, nitrogen and water among different species. In addition, the model considers effects of the commonly used forest management practices such as artificially drainage, fertilization, and bedding preparation, thinning, pruning, harvesting and regeneration, and prescribed burning on carbon and nitrogen dynamics in drained forest lands. The forestry version of DRAINMOD-N II is a stand level model with assumed evenly distributed plants of each species. It runs on a daily time step and assumes spatially homogeneous climatic variables on the site. For consistency with existing DRAINMOD code, this forestry version of the model has been developed using the Visual Fortran language. Figure 1 shows a flow diagram of the forestry module and its interactions with the hydrologic, carbon, and nitrogen components of the original DRAINMOD models.
Basically, the forest module has three key components: net primary production estimation, carbon allocation, and forest management practices. Detailed description of each component is given in the following sections.
Gross Primary Production Estimation
Generally, four approaches for modeling canopy photosynthesis have been used: the maximum productivity, the radiation-use efficiency, the big-leaf and the sun-shade approaches (Medlyn et al., 2003) . Both the big-leaf and the sun-shade approaches are relatively more complex and require larger number of plant and climatic parameters compared with the other two approaches. The radiation-use efficiency method is more mechanistic than the method of maximum productivity and therefore the radiation-use efficiency was selected to simulate canopy photosynthesis process in this study.
Based on the work carried out by Monteith (1977) , the method of radiation-use efficiency describes a strong linear relationship between absorbed photosynthetically active radiation (APAR) and gross primary productivity (GPP). Since this approach is relatively simple and requires relatively a few input parameters, it has been used in many plant productivity models for different species such as 3-PG (Landsberg and Waring, 1997) , VAST (Barrett, 2002) , CASA (Potter et al., 1993) , COMMIX (Bartilink, 2000) and Treegrass (Simioni et al., 2000) models. In the forest growth sub-model of DRAINMOD-N II, GPP is estimated using the method similar to that of 3-PG model, which also considers the effects of environmental factors (water deficit, temperature, and frost), soil fertility, and stand age. The GPP is quantified by the method described by Sands (2004) , 
The leaf area index (LAI) is one of the most important stand variables that affect radiation adsorption by plants (Gower et al., 1999) . Therefore, it is crucial to accurately quantify leaf area index (m 2 m -2 ) for each tree species at each time step. The forest module estimates LAI as a simple function of leaf biomass and specific leaf area (Landsberg and Waring, 1997) , . Specific leaf area, an important leaf morphological trait, is a function of stand age (Sands, 2004) ,
where 0 σ is the specific leaf area for trees at age 0, 1 σ is the specific leaf area for mature trees, t is tree age and t f is the age at which σ = ½( 1 0 σ σ + ). The SLA of Equation (4) is based on half the total surface area of all leaves (Gower et al., 1999) .
Environmental Stresses Modifiers
Environmental factors such as water, temperature, soil nutrients conditions and frost, etc have a substantial influence on the rate of forest canopy photosynthesis. In the forestry version of DRAINMOD-NII model, the effects of environmental stresses including temperature, water and soil nutrients and stand age are modeled independently and the overall environmental stresses is modeled as a combination of all the individual stresses.
Water stress-Water deficit has been the most studied of all environmental factors affecting photosynthesis. Both vapor pressure deficit and soil water condition were found to have significant effects on photosynthesis (Gower et al., 1994) . However, there is still no standard method proposed to quantify the water stress on plant photosynthesis (Aber and Federer, 1992) . Since evapotranspiration (ET) is also limited by vapor pressure deficit and soil water condition, a water stress modifier can be represented by the ratio of ET to the potential ET (PET) (Aber and Federer, 1992) ,
where ET is the simulated evapotranspiration (mm) and PET is the potential evapotranspiration (mm). In the DRAINMOD-NII forestry version, the PET can be estimated using FAO56-PM method (Walter et al., 2005) or other methods, while the real ET estimated using methods in DRAINMOD-hydrologic model (Skaggs, 1978) Temperature stresses-Temperature is another important environmental factor regulating photosynthesis rate (Teskey et al., 1994 ). An optimal temperature exists for each tree species and temperatures above or below the optimal temperature would decrease the photosynthesis rate (Teskey et al., 1994) . The temperature modifier in 3-PG model (Landsberg and Waring, 1997 ) was used in the forestry version of DRAINMOD-N II, 
where T min , T opt and T max are the minimum, optimum, and maximum temperatures ( o C), respectively, for net photosynthetic production.
Frost stresses-Severe frosts in the fall and spring could reduce net photosynthesis to near zero for that day or more after the event (Teskey et al., 1994) . So we consider the effect of frost separately besides temperature by defining the frost factor simply as a function of frost presentation. This concept has been used successfully by 3-PG model on monthly bases (Landsberg and Waring, 1997) .
Stand age stresses-Stand age is another big factor that influences biomass accumulation in forests (Gower et al., 1994) . The method of 3-PG (Landsberg and Waring, 1997) , was used to quantify the effect of forest age on the photosynthesis rate,
where t is age and t x is the maximum age, r age is the age when f A is 0.5, and n age is empirical exponent, usually set to 1.
Nutrients stresses-For the nutrients modifier, only effects of nitrogen were considered in this study because nitrogen is usually the major limited nutrient in forest ecosystems. The nutrients modifier of 3-PG has been used (Landsberg and Waring, 1997) ,
where FR is the fertility rating and f N0 is the value of f N when FR = 0. In the 3-PG model, FR is an empirical parameter which is usually obtained through model calibration. In the forestry version of DRAINMOD-N II, FR has been defined as the ratio of available soil nitrogen within the root zone and the potential nitrogen uptake for each plant species. The available nitrogen in the plant root zone can be predicted using DRAINMOD-NII model while the potential nitrogen uptake can be estimated using the newly developed forestry module and both the two variables are real time dependent. Therefore, this new definition of FR made this critical factor become process-based and predictable instead of empirical and calibrated. 
Radiation Distribution
As a stand level model, 3-PG (Landsberg and Waring, 1997) and many other existing forest growth models can only be applied to single-species forest ecosystems. However, mixed species have been become more and more common in managed forests (Barnes, et al., 1998 , Landsberg, 2003 . Therefore, developing a model that can be used in mixed forest ecosystems is essential. The plant growth module of DRAINMOD-N II has been developed to simulate both one-species and mixed forest ecosystems and take the understory species into account by considering resources (light, water and soil nutrients) competition between different species.
Dividing forest canopy into vertical layers
In order to consider competition for light, the forest canopy is divided into vertical layers using methods developed by Bartilink (2000) and Pretzsch et al. (2002) . The canopy is divided into either three layers (upstory, midstory and understory) or two layers (upstory and understory) depending upon the plant height, density and radiation regime. As shown in Figure 2 , if the difference between the maximum and minimum mean tree heights is less than a threshold height, H o , the canopy will be divided into two layers: upstory and understory; otherwise, the canopy will be divided into three layers: upstory, midstory, and understory. The threshold 
where φ is the latitude of the location and δ is the sun declination angle, which depends on the day of the year and can be obtained using the following equation (Cooper, 1969) ,
where p is the day of the year (p = 1 for Jan 1). Schulze et al. (1977) found that more than 70% of the annual CO 2 uptake was attributable to the needles directly exposed to sunlight at the top of the crown in a Picea excelsa forest. As in JABOWA model (Botkin et al., 1972) , we assumed that all leaves of a tree are located on a disk at the top of the stem when simulating vertical light distribution. Thus, a tree species belongs to the upstory layer once the top of the crown can be directly exposed to the sunlight.
Mathematically, for a tree species with height i H belongs to the upstory layer if
Tree species with heights less than (H max -H o ) belong to midstory layer. Grasses and shrubs are the understory layer.
Tree height is the major stand variable used in dividing forest canopy into vertical layers. The height of each tree species is estimated at each time step using the widely used height-diameter relationship (Zeide and VanderSchaaf, 2001) ,
where H is the mean height of the tree species (m), D is the mean diameter (cm) at the breast height (1.37 m above the forest floor), a is an empirical, species-dependent parameter and the exponent b equals 2/3. The effect of density on the relationship between diameter and height can also be considered using the new method proposed by Zeide and VanderSchaaf (2001) .
Following the method used in 3-PG model, the mean diameter, D, was estimated as a function of the stem biomass (Landsberg and Waring, 1997) :
where s W is dry biomass of stem for the tree species (t DM ha -1 ), N is the stocking number of the tree species, a 1 and b 1 are species-dependent empirical parameters.
Distribution of radiation among different plant species
The structure of forest canopy controls the quality, quantity, spatial and temporal distribution of light in the forest (Jennings, 1999) . For horizontal distribution of radiation among different plant species in each layer, the method of REMM model (Altier et al., 1998) was used in this study.
The radiation available for different tree species is a function of canopy fraction (Canf) and available total solar radiation. The canopy fraction can be determined using the canopy cover of each species (Jennings, 1999) . The canopy fraction for the upstory and midstory layers is estimated as a function of crown diameter and stocking number. When the canopy covers all the stand area, which means
the canopy fraction is estimated as,
When the canopy does not cover all the stand area, the canopy fraction is estimated as,
C is the crown largest diameter of tree species i (m), i N is the stocking number of tree species i in certain layer. The crown largest diameter can be estimated for each tree species using the following empirical equation (Bechtold, 2003) ,
The parameters in equation 20 can be obtained from Bechtold (2003) who provided the values of b i parameters for 80 common tree species. For understory layers, the canopy fraction is simulated as a function of leaf area index,
where LAI i is the leaf area index of each plant species in understory layer.
The radiation available for that tree species i in layer j (Rad i,j ) can be obtained using the method of REMM model (Altier et al., 1998) :
where Rad j is the mean daily radiation flux available for layer j (MJ m -2 d -1
).
As many other forest growth models, Beer's law was employed to model light interception by vegetation. For each plant species i in canopy layer j, the intercepted radiation Drad i,j was obtained from following equations,
For the midstory (if it exists) and understory layers, the total radiation available (Rad j ) is calculated using Beer's Law:
where K i is the light extinction coefficient, and LAI i is the leaf area index of species i above layer j.
Net Primary Production (NPP)
Net primary production (NPP) was assumed as a constant fraction of GPP (Landsberg and Waring, 1997, Peng et al., 2002) , which eliminates the need to calculate respiration and significantly simplify the complexity of calculating respiration rate. Thus NPP is calculated as,
where Y is the carbon-use efficiency which is the ratio of NPP to GPP.
The carbon-use efficiency (CUE) in 3-PG was assumed to be a constant of 0.47, which greatly simplifies the simulation and reduces the input requirements of the model. The CUE in this model describes the capacity of forests to fix carbon (C) from the atmosphere to terrestrial systems. Waring et al. (1998) concluded that the CUE was conservative (0.47 ± 0.04 SD)
through their comparative analysis. The constant CUE assumption has been made in many landscape-scale, carbon-cycling models such as FOREST-BGC (Running and Coughlan, 1988) , CASA (Potter et al., 1993) , GenW model (Kirschbaum, 1999) and TRIPLEX model (Peng et al., 2002) . Therefore, the forestry version of DRAINMOD-N II provided the user an option of using the fixed CUE approach to estimate the NPP.
Although Waring et al. (1998) argued that the errors resulting from using constant CUE are smaller than errors resulting from attempts to calculate respiration of stands growing under a range of environmental conditions and recent studies also suggested that the constant NPP/GPP ratio may not be affected by increased temperature and elevated CO 2 concentration (Peng et al., 2002) , this method has recently been criticized as different tree species and even same species of different stand age could have totally different carbon use efficiency (Mäkelä and Valentine , 2001; Evan et al., 2007) . Medlyn and Dewar (1999) also pointed out that the evidence presented by Waring et al. (1998) was derived from the assumption that respiration of live wood was a constant fraction of aboveground production, so the question of whether the ratio of NPP to GPP is constant remains unanswered. Mäkelä and Valentine (2001) argued that a significant decline in the NPP/GPP ratio with tree size or age seems highly probable, although the decline may appear insignificant over some segments of stand development. In order to test the hypothesis that CUE is constant and universal among forest ecosystems, Evan et al. (2007) reviewed 60 data points obtained from 26 published papers and found that CUE varied from 0.23 to 0.83 for different forests and decreased with increasing age. They finally stated that it may be inappropriate to assume that respiration is a constant fraction of GPP as adhering to this assumption may contribute to incorrect estimates of carbon cycling.
Alternatively, the NPP can be estimated as the GPP less plant respiration. From modeling perspective, plant respiration can be divided into photorespiration, growth and maintenance respiration (Waring and Running, 2007) . Plant respiration is one of the least understood physiological processes and most difficult to simulate (Canell and Thornley, 2000; Gifford, 2001; Landsberg, 2003) . Methods for modeling plant respiration range from the implicit constant fraction as assumed in the 3-PG model (Landsberg and Waring, 1997) to the complicated precess-residual approach which assesses respiration for each demanding process (Canell and Thornley, 2000) . To keep the model as simple as possible, tested methods of PROMOD (Battaglia and Sands, 1997) and CABALA (Battaglia et al., 2004) 
Construction respiration is the cost of converting assimilates into biomass and we assumed that r c =0.25 (Battaglia and Sands, 1997; Battaglia et al., 2004) . Foliar respiration is estimated by (Battaglia and Sands, 1997) ,
where m (30×10 -9 kg DM mmol -1 CO 2 ) is the dry-matter equivalent of a mmol of CO 2 (assuming
) is the number of seconds in a day, r dx varies with diurnal temperature and simulated as follows:
where Maintenance respiration of fine roots and woody material is assumed to be proportional to tissue nitrogen content and varies with temperature. Maintenance respiration is estimated by (Battaglia et al., 2004) . 
where W i is the weight of the ith plant biomass pool, N i is the nitrogen concentration of the ith pool, r i (kg DM kg -1 N per year) is the specific respiration rate of the ith pool, Q 10 determines the temperature responsiveness of respiration and T i is the temperature applicable to that pool (air temperature for aboveground pools and soil temperature, taken as average daily temperature, for below-ground pools).
Nitrogen Competition
Belowground competition and complementary interactions define productivity and sustainability of mixed-species plantations to a large extent (Jose et al. 2006) . In this study, the nitrogen competition was considered in simulating the fertility rating, defined as the ratio of nitrogen demand and available nitrogen within the root zone for a tree species. Studies showed that belowground interactions are a function of species rooting patterns which are determined predominantly by the soil characteristics and species' genetic (Jose et al. 2006) . The precise representation of distribution of fine root biomass in soil profile is critical in simulating the nitrogen competition. In this study, the method proposed by Gale and Grigal (1987) was used to describe the vertical root distribution:
where u is the cumulative root fraction (a proportion between 0 and 1) from the soil surface to (Jackson, et al., 1996) .
The nitrogen needed for each tree species is a function of potential growth rate and nitrogen content of each component for that tree species:
where MPG i in t ha -1 is the monthly potential growth of each tree component without nitrogen stress, [N] i is the nitrogen concentration of that tree component.
Consideration for deciduous trees
Unlike ever-green trees, the annual course of LAI for deciduous trees usually peaks during the growing season and vary considerably over the year. For example, some deciduous trees keep old leaves until next season budding whilst other species completely shed their leaves during the winter season. We have to define the length of the growing season which is a main driver of carbon exchange between land and atmosphere (Churkina, et al., 2005) . Studies have shown that soil water is a major factor that determine the growing season in tropical areas while temperature is the main factor that determine the length of growing season for temperate regions (Chmieliewski and Roetzer, 2002; Churkina, et al., 2005) . The degree-day method (temperature based) was used to determine the length of the growing season (Aber, et al., 1996) . The LAI value has to be maintained greater than zero throughout the whole year for deciduous trees and herbs to make the simulation continue year by year when modeling light interception. The minimum LAI values are assumed to herbs and deciduous plants at the beginning of each growing season.
Carbon Allocation
The simulated NPP is then allocated to four biomass pools: foliage (W f ), stem (W s ), fine roots (W fr ) and coarse roots (W cr ), all in units of t ha ) which was assumed as a constant fraction of total root biomass ( fr η ). N ∆ is the tree missed due to mortality, thinning, harvesting and so on.
Death of trees is considered in the mortality.
In this model, accurately prediction of leaf biomass is essentially important because leaf area index determines the amount of radiation intercepted by trees and corresponding NPP simulation. Therefore, special attentions were given to the allometric coefficients of leaves by considering some environmental factors influencing allometric coefficients of foliage. One factor that strongly influences the foliage allometric coefficients is tree size (Gower, et al., 1999) . In this study we consider the effect of tree size through a modifier of tree age because tree size is usually significantly correlated with tree age. Water and nutrient availability are another two critical factors that influence the allometric coefficients for foliage (Gower, et al., 1994; King, et al., 2002; Albaugh, et al., 2004) .
where η Rn and η Rx are the minimum and maximum root allocation ratios, p FS is the ratio of foliage to stem allocation and this parameter is regulated by the tree size and tree age, ϕ represents the effect of age and water condition and m determines the effects of site fertility condition on allocation through following equations:
where m 0 is the value of m when FR is 0 and FR (0 ≤ FR ≤ 1) is the site fertility rating. Based on observed allometric relationships, Landsberg and Waring (1997) established above-ground partitioning between foliage and stem biomass, and stem diameter B (cm). Their key result was that the ratio of foliage biomass partitioning to stem biomass partitioning (P fs ) is also an allometric function of stem diameter B, i.e. 
where F R is the foliage retention times (years), t is the months beyond growing season for deciduous plants and tree age for evergreen trees, c r , k r are empirical coefficients and l f,max is the maximum litterfall rate for specific species.
Root turnover rate was assumed to be constant and species dependent. The mortality was simulated using the method of 3-PG (Landsberg and Waring, 1997) , which is densitydependent and determined by the self-thinning rule to ensure that the mean single tree stem biomass will not exceed the maximum single stem biomass ( sm W ) given by:
where u is the exponent which is usually equal to 2/3, 
Forest management
Anthropogenic activities can impose intensive disturbance on forest ecosystems which can significantly affect ecosystem composition, structure, and function, and potential change carbon and nitrogen cycling in forestry lands (Barnes, et al., 1998) . So, it is relatively critical to include forestry management practices in the model. In the forestry version of DRAINMOD-NII model, common practices were considered. Among these management practices, artificially drainage, fertilization, bedding (tillage) were taken into account using the methods used in DRAINMOD-NII model (Youssef, 2003; Youssef et al., 2005) , while effects of silvicultural managements like thinning, harvesting, pruning were estimated using method from 3-PG model (Landsberg and Waring, 1997) and effects of prescribed burning were evaluated using method of Fire-BGC model (Keane, et al., 1996) .
Model application
In this paper, we only present an example to demonstrate the basic features of the forestry version of DRAINMOD-NII model in estimating the carbon and nitrogen dynamics in a single species forestry land. The main inputs of the model were obtained from the literature. The model has not been calibrated for the site in the case study.
A case study: Loblolly pine plantation in a drained coastal area.
Description of the study site
The forestry version of DRAINMOD-NII model was used to simulate carbon and nitrogen dynamics in a loblolly pine (Pinus taeda L.) plantation owned and managed by Weyerhaeuser Company in Carteret County, North Carolina. The soil is Deloss fine sandy loam. Long term climatological data including precipitation, air temperature, relative humidity, wind speed, and net radiation are available for the site (Amatya and Skaggs (2001) .
Model inputs-Hydrology related inputs include soil hydraulic properties, drainage system parameters and climate data (Precipitation, temperature or PET); nitrogen related parameters include soil physical and chemical properties, nitrogen transport and transformation parameters, and soil organic matter parameters. Forest related parameters include parameters for net primary production, carbon allocation and forest management. Hydrological inputs (Table 1) were obtained from Amatya and Skaggs (2001) , who conducted a long-term hydrological modeling for the same site. Both nitrogen and vegetation related inputs were primarily obtained from the literature. Not that constant NPP to GPP was used in this case study. (1): Data are field specific (McCarthy, et al., 1991, Amatya and Skaggs, 2001 ); (2): Based on hydrological calibration (Skaggs, 2009, unpublished data) ; (3): Estimated based on field measurements (McCarthy, et al., 1991) . 
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(1): Estimated based on field measurements (McCarthy, et al., 1991) (2): Based on literature values (Youssef, 2003; Youssef et al., 2005) ; (3): Field measurements. (1) Based on defaults values given by 3-PG model (Landsberg and Waring, 1997) . This case study is intended to demonstrate the basic features of the forestry version of DRAINMOD-NII. The model simulates forest growth and management and simulates carbon and nitrogen dynamics in the soil-water-plant system for drained forestry lands. This forestry version is capable of predicting forest stage variables such as tree diameter at the breast height (DBH), leaf area index(LAI) and tree height which are important to forest managers. Figure 3 shows the predicted DBH of each year from 1988 to 1998, during which the DBH increased from 23.4 to 32.6 cm. Predicted mean annual increment is 0.92cm. , which is in the range of maximum photosynthetic capacity of loblolly pine (Barnes et al. 1997) . The predicted daily NPP always peaked in June or July due to the intensive solar radiation. However, there are still some values extremely low, or even equal to zero during June or July because of high water-deficit stresses or nitrogen stresses.
Results and discussion
The predicted mean yearly NPP was 23.4 t DM ha -1 year -1 ( Figure 6 ), which is slightly less that the annual NPP of 27 t DM ha -1 year -1 predicted by PnET-II model (Sun, et al.,2000) . The predicted inter-annual dynamics of yearly NPP ( Figure 6 ) were closely related to weather conditions. For example, the NPP of 1991, 1992 and 1997 were relatively low compared with the other years because of the low annual radiation (1991 and 1992 ) and dry weather condition (1997) (Amatya and Skaggs, 2001) . 1988 1990 1992 1994 1996 1998 Annual NPP(t DM ha-1 yr-1) Figure 6 , Predicted annual net primary production dynamics. Nitrogen leaching is the physical process by which nitrogen exit the terrestrial ecosystems with the water flow through the soil profile. This process has drawn the attention of forest ecologists over the past 40 years (Barnes, 1998) . Generally, there are two factors controlling the nitrogen export: 1) the hydrological ability to transport nitrate from soil profile to surface water; 2) the availability of nitrate that can be transported. Therefore, the greatest potential for nitrogen leaching occurs in early spring and late autumn. During these periods, a low biological demand for nitrogen and water and the resulting ample amount of water moving through the soil profile lead to the high potential of leaching (Barnes, et al., 1998) , which is still small but little higher than that of 1997. This is because storm properties such as intensity and duration could also affect nitrogen transportation from soil to surface waters (Inamdar, et al., 2006) . To sum up, the model did predicted the nitrate export dynamics reasonably comparing to other similar studies on nitrate export from forest lands (Inamdar, et al., 2006; Weiler and McDonnell, 2006; Rusjan et al, 2008) .
Predicted annual nitrogen transformation processes are summarized in . The predicted nitrogen net mineralization is the main source which covers 85% of annual total nitrogen inputs, while air deposition represents another 15%. There are basically three nitrogen sink in drained forested lands: plant uptake, denitrification, and drainage loss. For plant uptake, the predicted annual *, PET in this study was estimated using the methods described by Amatya and Skaggs, (2001 , respectively. This is mainly because the microbial-mediated denitrification process is typically controlled by soil physical conditions (anaerobic condition), nitrate availability and carbon source. In the study site, the lack of available nitrate due to rapid plant uptake and few anaerobic conditions due to the sandy loam soil and drainage ditches were the primary factors lead to the low denitrification rate.
Summary
The forestry version of DRAINMOD-NII model is a field-scale, process-based model developed to simulate carbon and nitrogen dynamics in artificially drained forest lands.
This model is capable of simulating forest growth and corresponding carbon and nitrogen dynamics under different forest management practices including drainage, fertilization, bedding preparation, thinning, harvesting, and pruning, regenerating and prescribed burning. In addition, the model can be used in mixed forest by considering species competition for light, nutrients, and water. Besides the outputs included in the original DRAINMOD-NII model, this new version can also predict forest stage variables such as DBH, LAI, and height which are important to forest managers and owners. The simple case study showed the capability of the new model in simulating carbon and nitrogen cycling in artificially drained forest lands. Results showed that the model is capable of capturing the effect of natural disturbances on the forest ecosystems dynamics. In future studies, we will conduct the sensitivity analysis and calibrate and test the model under different climate conditions and different management practices.
